, it has been recognized that the total cross-sectional area of the main pulmonary artery and its branches must be reduced by more than 50 % in dogs before detectable changes of hemodynamics occur. The first alteration to occur is a rise of pulmonary arterial pressure. The possibility of vasoconstriction has been re-examined in this study by attempting to quantify the number of embolic particles of a given size which must be given to induce the earliest sign of pulmonary obstruction, a minimal rise in pulmonary arterial pressure. Furthermore, by grading the size of the embolic particles, it has been possible to embolize vessels of different sizes selectively in order to assess the difference in the response to large versus small vessel occlusion.
METHODS
Thirty-two mongrel dogs ranging in weight between 6-10 kg (mean 7.7 =t I .o kg) were used. Twenty-six were anesthetized with chloralose (80 mg/kg), four were unanesthetized except for local procaine at the sites of incision, and two were anesthetized for use as controls. Emboli were suspended in normal saline and injected at nearly constant rate through a cannula in the superior vena cava, taking care to avoid air bubbles. Emboli were in.jetted until the pulmonary arterial mean pressure became elevated by 5-10 mm Hg, this being a clear-cut end point and one indicating the beginning of circulatory embarrassment.
The animal was then immediately killed with intravenous pentobarbital, and the heart and lungs were removed from the thorax en bloc. The tracheobronchial tree was inflated with saline to a pressure of 5 mm Hg, and the pulmonary artery was injected with Schlesinger's mass (6) which had been slightly modified.4 The mass was injected at a pressure of 30 mm Hg, and roentgenograms of the lungs were then made. Since this injection mass fills vessels down to 0.03 mm in internal diameter but does not fill capillaries, a roentgenogram of the arterial tree was obtained.
The vessels were then -- The number of vessels of given sizes in a T-kg dog was determined from the work of Miller (7) in 1893. For the larger vessels our own dissections -and measurements were used, revealing 7 lobar arteries, I z first order arteries, and 40 second order arteries. For the smaller vessels only Miller's values were used. The number and diameter of the vessels are shown in Table I . The embolic particles used most extensively were polystyrene spheres5 but glass beads were also used. These particles were shaken repeatedly through standard mesh U.S. equivalent sieves. The sizes of particles used are shown in Table I . The spheres were then examined under the microscope to insure that there was less than 5 y0 contamination of the desired particles by spheres of smaller sizes. The spheres were counted by streaking -~-ml aliquots of the thoroughly agitated suspensions on large glass plates on which the spheres were counted under the low-power microscope.
Ten separate r-ml samples were streaked and counted in this manner until close checks were obtained.
The large spheres were counted with the aid of a magnifying glass, if necessary. Blood clots were formed by allowing blood to clot in glass tubes which had a bore equal to the d .iameter of the vessels to be embolized.
When the clot was firm, usually after about 24 hr, it was extruded from the glass tube and sliced into appropriate lengths using a scalpel, ruler, and magnifying glass.
RESULTS
The postmortem pulmonary arteriogram of a normal 8-kg anesthetized dog is shown in Fig. I . There are large, 5 Kindly supplied by Walter R. Jones and A. C. Strauss, long lobar and first order arteries with multiple, short second and third order and lobular branches. In particular, the small atria1 and saccular arteries can be seen extending out to the pleural surface in all lobes of the lung. Figure 2 illustrates the result after occlusion with 2.3-mm polystyrene spheres on the left and after o.3-mm spheres on the right. These arteriograms show that the occluding particles were evenly distributed throughout both lungs and that larger emboli occluded larger vessels than did the small particles. Figure 3 is a magnification of the small subpleural vessels of a normal dog on the left, after 0.1 T-mm spheres in the center, and after o.3-mm spheres on the right. The smallest vessels are occluded in the two panels to the right and are no longer filled out to the pleural surface. Figure 4 shows the arteriogram obtained with large emboli 5-6 mm in diameter.
Here the distribution was less uniform because of the small number of vessels of this size, and huge areas of lung were obviously deprived of functioning arteries. Although the degree of vascular obstruction is strikingly apparent in Fig. 2 (left) and Fig. 4 , it must be emphasized that the obstruction following smaller emboli in Fig. 2 (right) is just as severe so far as impairment of function is concerned. Alveolar gas exchange occurs at the most peripheral portions of the lungs, as seen in these views, whereas the larger arteries from the main pulmonary arteries down to the precapillary arterioles are merely conduits leading the blood to the alveoli.
The data for individual dogs are given in Table 2 . The average rise in pulmonary arterial mean pressure in the 30 dogs whose lungs were embolized was 7 =t 2.5 mm Hg, and the increase of pressure was comparable in all of the different groups. This amount of vascular occlusion produced no change of femoral arterial pressure in the five animals in which it was recorded. Pulmonarv wedge pressure was unchanged before and after occlusion in two dogs given I .o-mm spheres. The average increase in pulse rate was only 8 beats/min and the average increase in respiratory rate was 6/min; however, there was wide variation of these two parameters from animal to animal, and no relationship between the size of the particles given and the alterations in pulse and respiratory rate was evident. The average time required for the injection of emboli was 15 & g. I min. This average excludes two dogs in which the time taken for infusion of particles was greatly different from that in the other animals. In dogs I and 18 the time required for infusion of particles was 55 and 2 IO min, respectively, due to technical difficulties.
However, as shown in Table 2 , the number of particles necessary to produce incipient pulmonary hypertension was uninfluenced by the length of the period of injection.
The relationship between the number of emboli required to produce a [5] [6] [7] [8] [9] [10] mm Hg rise in pulmonary arterial mean pressure is summarized in Fig. 5 and Table 3 . At each vessel size examined-from o. I 7 mm to 5-6 mm in diameterthe number of embolic particles was as great as or greater than the predicted number of vessels. It was necessary to give more emboli than the predicted number of vessels in most animals presumably due to the tendency for several spheres to lodge in tandem within individual arteries as was clearly demonstrated post mortem. The important point is that in no instance was it possible to produce pulmonary hypertension after only a few of the vessels of a given size had been occluded. Obstruction of a small fraction of the total number of vessels did not produce pulmonary hypertension in a single one of the 30 animals.
In every experiment massive occlusion of the great majority of the vessels of a given size was a prerequisite to the development of pulmonary hypertension, as is shown in Table 3 .
The (2) produced pulmonary hypertension in the dog heart-lung-head preparation by injection of barium sulfate suspension, the particles of which were precapillary in size. They found that death could be prevented by eliminating the cephalic circulation and converting the animal to a heart-lung preparation; pulmonary arterial pressure returned toward normal levels and the preparations survived for prolonged periods. The usual response to embolism was prevented in heart-lunghead preparations previously subjected to bilateral removal of the stellate ganglia and the thoracic sympathetic chains to T4 or T5 or in those previously treated with hexamethonium.
These results suggested that vasoconstriction was present and was mediated through the sympathetic innervation of the lungs. Bernthal, Horres, and Taylor (3) Instead, the ratio of number of emboli to number of vessels of any given size required to produce incipient pulmonary hypertension was uniform over the whole range of sizes studied. With all sizes obliteration of pulmonary vasculature as shown by postmortem arteriogram was extreme. This suggested that mechanical obstruction was the mechanism involved and that spasm sufficient to obstruct blood flow did not occur in these arteries. Blood clots, polystyrene spheres, and glass beads produced similar effects. Anesthesia with chloralose did not abolish a potential vascular reflex since the response of unanesthetized dogs was the same as of those anesthetized.
Arteriograms, gross dissection, and multiple microscopic sections were studied to attest the uniform distribution of particles and the fact that particles of a given size actually did occlude the vessels intended.
The distinction among the various types of arteries within the lung has been often confused by the usage of "specialized terminology." Brenner (I I), Edwards (I 2), and Bloom and Fawcett (I 3) classify arterial vasculature as elastic arteries, muscular arteries, and arterioles. These criteria depend on size of internal diameter and tissue components.
The elastic arteries have an internal diameter of greater than I mm and are characterized by a tunica media which consists largely of elastic mem-branes. In the spaces between these membranes there are smooth muscle cells, collagen, and reticulum fibers. The adventitia is relatively thin and often cannot be sharply distinguished from the surrounding supporting connective tissue. These arteries accompany bronchi down to the 3rd or 4th order. The muscular arteries have an internal diameter between I and 0.1 mm. The primary constituent of their wall is smooth muscle. These vessels have both an internal and external elastic membrane and a thick adventitia. The arterioles vary in diameter between 0.1 and 0.03 mm. At their origin they have an internal elastic membrane which disappears as the vessel progressively decreases in size. Smooth muscle cells are found in the wall of the arterioles. Capillaries contain no smooth muscle within their walls. Although overlapping of tissue elements does occur histologically, the majority of arterial vessels can be defined using these criteria. The vessels occluded in this experimental study varied from large elastic arteries to muscular arteries, which, from Table I , included branchings down to the seventh subdivision.
Small as these vessels are at atria1 and sacular divisions, they are arteries and not
